Abstract For exploiting advantages of electron beam air plasma in some unusual applications, a Monte Carlo (MC) model coupled with heat transfer model is established to simulate the characteristics of electron beam air plasma by considering the self-heating effect. Based on the model, the electron beam induced temperature field and the related plasma properties are investigated. The results indicate that a nonuniform temperature field is formed in the electron beam plasma region and the average temperature is of the order of 600 K. Moreover, much larger volume pear-shaped electron beam plasma is produced in hot state rather than in cold state. The beam ranges can, with beam energies of 75 keV and 80 keV, exceed 1.0 m and 1.2 m in air at pressure of 100 torr, respectively. Finally, a well verified formula is obtained for calculating the range of high energy electron beam in atmosphere.
Introduction
Large volume atmospheric pressure air plasma attracts more and more attention in recent years [1∼4] . But it is up to now still one of extremely challenging research topics in low temperature plasma. It is because considerably high power is always needed to trigger breakdown in the atmospheric gas, during which it might induce discharge instability. In the past decades, much work has been devoted to the achievement of uniform atmospheric air plasma by using conventional methods, such as DC discharge [5] , pulse discharge [6] , and the dielectric barrier discharge [7] . Nevertheless, the conventional generating device needs special electrodes, which would make the discharge system rather complex. Additionally, in these methods, the power budget is closely related to the gas pressure [8] . But in some unusual applications, it is required that the discharge power is less related to the pressure; also the discharge device should be as simple as possible. In these regards, high-energy electron beam generator is a best choice to fulfill the critical requirements.
There always exists a problem how to inject high energy electrons into dense gas from vacuum. Fortunately, two methods can be adopted to resolve the problem [9] : one is that a foil is placed between dense gas and vacuum, through which the high energy electrons could be injected into gas; and the other is that electrons are extracted by a so-called multi-level vacuum differential pumping section (DPS). Under the second scheme, the energetic electrons propagate into the atmospheric dense air through several vacuum chambers of which pressure increases gradually. Subsequently, the high energy beam electrons (BEs) collide drastically with the air molecules resulting in electron ionization avalanche. Then the plasma is produced along the path of the electron beam. In this process, about 30% ∼ 50% of beam energy spends directly on ionizing the gas [5] ; meanwhile, the residual part of beam energy dissipates in local gas, leading to the variation of air temperature, i.e., so-called self-heating effect.
Unfortunately, the unique self-heating effect of electron beam is neglected by most work due to either low beam current or low air pressure in the research. But when it comes to the investigation of high current electron beam plasma, especially the one in dense gas, the self-heating effect should no longer be neglected. In such case, it plays a decisive role in determining beam range and plasma properties which have been already observed in our experiments. In this situation, the existing empirical formulas of beam range in cold state (without considering the self-heating effect) are not accurate, which could bring undesirable error in the prediction of plasma properties. So in this paper, a Monte Carlo model coupled with the heat transfer model is established to simulate the behavior of the electron beam plasma in hot state (with the self-heating effect taken into account). By using the model, the self-heating ef-fect of beam and the corresponding plasma properties are investigated in detail.
2 Numerical model
Monte Carlo model
The simulation of high energy beam in this paper is based on a MC toolkit named GEANT4 (GEometry ANd Tracking), which was developed by an international collaboration [10, 11] . GEANT4 is a free software package written in C++ which can be used to accurately simulate the passage of particles through matters. Now it is widely adopted in high energy physics, space science, and medical fields. When the user turns to his concrete application, he needs to construct the detector-geometry, specify the physics-list, and generate a primary-event. Moreover, the details of MC simulation can be achieved by establishing other GEANT4 user-action modules.
In this work, the high energy electron beam is injected into atmosphere through a multi-level DPS, and its schematic configuration is similar to that given in Ref. [12] . The DPS consists of three chambers; their pressures differ from each other. Nonuniform magnetic field is used to confine the BEs in DPS (see Fig. 1 ). Considering the complexity of the interactions between the energetic BEs and air molecules, we use socalled standard electro-magnetic physics model in the physical-list module, which contains most of the possible physical processes, such as electron ionization, bremsstrahlung, multiple-scattering, and photo-electric effect, etc. A more detail description of the model is given in Ref. [12] .
Electron beam heat transfer model
When electron beam penetrates into the dense air, the high energy BEs collide with air atoms and/or molecules. Thus part of the BEs energy is lost in the local air leading to considerable self-heating effect, which decreases the local air density and increases the beam range in reverse.
To model the self-heating effect, the heat balance equation is added, given as
where T, τ, Φ, ρ, c, λ are air temperature, time, heat source term, air density, specific heat ratio and heat transfer coefficient, respectively. Here the source term denotes the self-heating effect, which is given by the MC model and is known as energy deposition of beam.
By assumption of perfect gas, the equation of state is
where R is the specific gas constant and p is the air pressure. The temporal air density, therefore, can be obtained when the temperature is known. The simulation diagram adopted in this work is shown in Fig. 2 . Firstly, the MC model is initialized by a primary temperature field, which is usually the background temperature, so that a preliminary beam energy deposition can be obtained consequently. And then, the energy deposition is used to calculate the new air temperature field by heat transfer model, and the above iteration should be repeated. Finally, a convergent steady result would be obtained after several time steps. 
Results and discussion
The model has already been well verified in Ref. [12] . Here we directly employ it to investigate the selfheating effect of high energy electron beam. Moreover, although our model has robust ability for unsteady calculation, it is only applied to achieving steady results in this section.
(a) Temperature field induced by electron beam As is already mentioned, the self-heating effect is the decisive factor in estimating the beam range and plasma volume. So the air temperature field is firstly investigated with different beam energy at a pressure of 100 torr. In each case, 10
7 BEs are tracked in MC model to obtain a smooth distribution of energy deposition, which is further treated as so-called heat source term in the heat transfer model. Fig. 3 demonstrates the spatial distribution of the temperature fields induced by electron beams with different energy: case (a): ε = 75 keV and case (b): ε = 80 keV. The results indicate that the size of temperature region in case (a) is about 1000 mm in the z direction (the beam penetration direction), and about 500 mm in the r direction (the radial direction) with the temperature varying from 300 K to 1000 K. The average temperature of the whole region is of the order of 600 K. Also the results show that there exists a high temperature region at about z =700 mm. It is because the beam loses most of its energy in this region, where BEs collide drastically with the air atoms and/or molecules [12] . Compared with Fig. 3(a) , similar phenomena are observed in case (b) for ε = 80 keV. But the size of the temperature region is enlarged. We also have calculated the temperature fields for other beam energies, such as 85 keV and 90 keV (not shown here). The comparison illustrates that the temperature region expands with the increase of beam energy, and what's more a homogenous temperature field tends to be easily formed in high energy cases. 
(b) Properties of electron beam in hot state
The region of temperature field, as discussed above, is greatly larger than that in cold state [13] , which affects dramatically the plasma characteristics. To investigate the plasma properties in hot state, the spatial distributions of plasma density in both cases are calculated. Similarly, the code runs many time steps to get steady results. Fig. 4 gives the spatial distribution of electron density. Note that quasineutral condition is always satisfied in the plasma. We have the approximate relation n p ≈ n e , so that the results given in Fig. 4 reflect the distribution of electron beam plasma density to some extent. It indicates that the pear-shaped large volume plasma is produced in air at atmospheric pressure. The average electron density is of the order of 10 10 ∼ 10 11 cm −3 , but at the exit of DPS (z =0 mm), the density is much higher than that in other regions. An explanation is given that there are two groups of electrons in the system: BEs, with the density of n p , and secondary electrons, with density of n s . Always at the exit of DPS, the density of BEs is high, which leads to a high electron density in this region. By comparing two figures, it shows that the plasma volume in case (b) is larger than that in case (a). Furthermore, the uniformity of density in space is improved in case (b). So it is concluded that high beam energy is helpful for producing large volume and uniform plasma. Beam range is usually used to evaluate the plasma volume. In this subsection, the model is adopted to examine the characteristics of beam range for various parameters. The beam range mentioned here is defined as a relaxation length, in which the number density of BEs decreases to 1% of its primary value. Table 1 gives the numerical results in both cold and hot states. A comparison of beam range in cold and hot state, with the same electron beam energy and air parameters, clearly demonstrates that the beam range in hot state is approximately 2.5 times of that in cold state, implying that the self-heating effect is significant for the electron beam plasma in atmosphere. The explanation of the phenomenon is that high energy beam loses part of its energy in local dense air because of drastical collisions between high energy electrons and air atoms and/or molecules. The deposited energy results in the increase of air temperature, which in turn leads to the decrease of air density. Note that low air density means low collision frequency between high energy electrons and air atoms and/or molecules. Thus the beam relaxation length in hot state is much longer than that in the case of high air density, i.e. in cold state.
However, the simulation of beam range using coupled model is very time consuming. Therefore, a simple empirical formula would be convenient to estimate the beam range or plasma volume. Thus on the basis of numerical results, a fitting formula depending on air pressure, air temperature and beam energy is obtained. It is given as
where R e defines the electron beam range in unit of m, E, T and P are the beam energy (keV), air temperature (K) and air pressure (torr), respectively. In order to verify the formula, Fig. 5 gives the results of beam range obtained in our numerical and experimental work. The beam ranges in experiment are determined by analyzing a set of beam images recorded by a high speed camera. The comparison indicates that the results of fitting formula are in general agreement with the experimental results. Therefore, the formula can be used to estimate the high energy beam range.
Conclusions
For making full use of the advantages of electron beam air plasma in some unusual applications, a Monte Carlo model coupled with heat transfer model is established to simulate the characteristics of electron beam air plasma, with the self-heating effect taken into account. Based on the model, the electron beam induced temperature field and the related plasma properties are investigated. The results indicate that the nonuniform temperature field is formed in the electron beam plasma region and the average temperature is of the order of 600 K. It can significantly affect the beam and plasma properties.
By applying the Monte Carlo model, the electron beam plasma properties are studied. The results show that a large volume pear-shaped electron beam plasma is achieved in hot state. The average electron density is of the order of 10 10 ∼ 10 11 cm −3 , but at the exit of differential pumping section (z =0 mm), the density is much higher than that in other regions.
Finally, the characteristics of beam range in hot state are investigated. The beam ranges, with beam energies of 75 keV and 80 keV, can exceed 1.0 m and 1.2 m in air at pressure of 100 torr, respectively. Moreover, a well fitting formula is obtained to calculate the range of high energy electron beam in atmosphere. The comparison shows that it is in accordance with the experimental data.
